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Abstract The North Kenya Banks (NKBs) have recently emerged as a new frontier for food security and
could become an economically important ﬁshery for Kenya with improved resources providing better
accessibility. Little research has been done on the mechanisms supporting high ﬁsh productivity over the
NKBs with information on annual and interannual environmental variability lacking. Here we use a
high‐resolution, global, biogeochemical ocean model with remote sensing observations to demonstrate that
the ocean circulation exerts an important control on the productivity over the NKBs. During the Northeast
Monsoon, which occurs from December to February, upwelling occurs along the Kenyan coast, which is
topographically enhanced over the NKBs. Additionally, enhanced upwelling events, associated with
widespread cool temperatures, elevated chlorophyll, nutrients, primary production, and phytoplankton
biomass, can occur over this region. Eight such modeled events, characterized by primary production
exceeding 1.3 g C/m−2/day, were found to occur during January or February from 1993–2015. Even though
the upwelling is always rooted to the NKBs, the position, spatial extent, and intensity of the upwelling
exhibit considerable interannual variability. The conﬂuence zone between the Somali Current and East
African Coastal Current (referred to as the Somali‐Zanzibar Conﬂuence Zone) forms during the Northeast
Monsoon and is highly variable. We present evidence that when the Somali‐Zanzibar Conﬂuence Zone is
positioned further south, it acts to enhance shelf‐edge upwelling and productivity over the NKBs. These
ﬁndings provide the ﬁrst indication of the environmental controls that need to be considered when
developing plans for the sustainable exploitation of the NKB ﬁshery.
Plain Language Summary The North Kenya Banks (NKBs) have recently emerged as a region
capable of sustaining a rich ﬁshery, which would boost Kenya's economy. Little research has been
conducted on the environmental controls that affect these ﬁsheries and whether there is annual variability
over multiple years. Here an ocean model is used, with satellite remote sensing data, to investigate how
the ocean inﬂuences this region. Speciﬁcally, the convergence of two currents during the Northeast
Monsoon, the Somali Current and the East African Coastal Current, which meet near the NKBs and ﬂow
away from the coast. This induces the upwelling of cold, nutrient‐rich waters, which are brought up from
depth to the surface, resulting in the NKBs being a highly productive area. The conﬂuence of these two
currents forms from December to February and its position along the Kenyan coast varies from year‐to‐year.
This leads to considerable variability in the intensity, position, and spatial extent of productive waters.
Productivity is enhanced over the NKBs when the conﬂuence of the two currents is generally positioned
further south. These ﬁndings provide the ﬁrst indication of the environmental controls that need to be taken
into account when developing plans for sustainable exploitation of the ﬁsheries resources.
1. Introduction
The coastal zone waters of the Western Indian Ocean (WIO) represent a pillar for livelihoods and the eco-
nomic sector (Jury et al., 2010), with small‐scale ﬁsheries providing food security to the coastal East
African population (Barnes‐Mauthe et al., 2013). In Kenya, ﬁsheries are mostly artisanal (FAO, 2016;
Sanders et al., 1988) with an average reported annual catch (based on landing sites) of 8,406 tonnes (Le
Manach et al., 2015). This is over 4 times less than that recorded for Tanzania (Bultel et al., 2015).
Overexploitation in coastal zones has led to the decline of reef ﬁsh, which has shifted the focus onto the
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pelagic ﬁshery (Maina, 2012). This exists further offshore over the North Kenya Banks (NKBs), and is oper-
ated by a small ﬂeet of motorized boats (Maina, 2012). The NKBs, ﬁrst described by Morgans (1959), are
about 45 km wide and 180 km long extending from 1.4 to 3°S and from 40.5 to 41.5°W with water depths
up to 125 m (Johnson et al., 1982). The NKBs, characterized by the area inside the 200‐m isobath, stand
out relative to the narrow coastline of East Africa (Figure 1). As Kenya has one of the lowest marine catch
rates among coastal African countries (Le Manach et al., 2015), this offshore area has been proposed as a
region that could provide a boost to local ﬁshery resources (Morgans, 1959; Wickstead, 1961). The increased
utilization of motorized boats (Maina, 2012) will improve access to the NKBs, which could transform this
region into an economically important ﬁshery for the country (Akunga, 2007).
Despite this interest and potential, there is little understanding on the oceanic mechanisms that support this
high ﬁsh abundance on the NKBs, in particular the annual, interannual, and multidecadal variability of the
region. This is important in the context of anthropogenic climate change. A combination of economic con-
straints and insecurity in the region means that collecting in situ measurements in this region continues to
be a major challenge (Bendeković & Vuletić, 2013). While life cycle knowledge of the species (i.e., spawning
sites, migration) that make up this ﬁshery is also scanty, it is highly likely that the dynamic ocean environ-
ment in this region will be a signiﬁcant determinant of successful recruitment. Understanding this variabil-
ity is therefore seen as crucial information supporting the evaluation of this emergent ﬁshery—which would
ultimately guide the development of a sustainable management plan. In this context, we now use modeling
to demonstrate that the surface ocean circulation exerts an important control over the productivity of
the NKBs.
The upper circulation of theWIO is subject to considerable variability associated with the East African mon-
soons, as outlined in Figure 1 (based on Schott et al. (2009)). The Southeast Monsoon (SEM) prevails during
the austral winter (peaking in July) causing Southeasterly winds to dominate the region, while the Northeast
Monsoon (NEM) Northeasterly winds prevail during the austral summer—peaking in February (Hellerman
& Rosenstein, 1983; Liao et al., 2017; Mahongo et al., 2011; Ngusaru & Mohammed, 2002; Ochumba, 1983;
Schott et al., 2009; Schott &McCreary, 2001). These Northeasterly winds induce upwelling along the Kenyan
coast, driven by an offshore Ekman transport (e.g., Varela et al., 2015). This upwelling appears to be inten-
siﬁed at the NKBs with evidence of increased concentrations of nutrients at the surface and the occurrence of
phytoplankton blooms (Johnson et al., 1982; Smith, 1982).
Monsoonal variability also has a clear impact on the regional (WIO) upper ocean circulation. As can be seen
in Figure 1, the South Equatorial Current (SEC) ﬂows westward across the Indian Ocean at 10–20°S all year
round before branching into the Southeast Madagascar Current and the Northeast Madagascar Current
(NEMC), ultimately reaching the coast of Madagascar (Schott & McCreary, 2001). The NEMC continues
Figure 1. Bathymetry over theWestern Indian Ocean (WIO) with a schematic representation of the upper ocean circulation during the Northeast Monsoon (NEM)
and Southeast Monsoon (SEM)—adapted from Schott et al. (2009). The currents are the South Equatorial Current (SEC), the Southeast Madagascar Current
(SEMC), the Northeast Madagascar Current (NEMC), the East African Coastal Current or Zanzibar Current (EACC/ZC), the Somali Current (SC), the Southeast
Counter Current (SECC), and the Southern Gyre (SG). Red annotations indicate upwelling: (a) the red circle represents the NKB upwelling and the red lines
the Ekman‐induced coastal upwelling and (b) the triangle represents the Somali upwelling wedge. The thickness of the EACC/ZC represents changes in its strength.
(c) Bathymetry over the NKBs is shown on the right with the 200‐m isobath represented by the black line and the Tana River represented by the blue line.
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toward the East African coast where it bifurcates into southward ﬂow in the Mozambique Channel (domi-
nated by eddies) and the northward ﬂowing East African Coastal Current (EACC), also known as the
Zanzibar Current (ZC; Fieux, 2001). The greatest speeds are observed during the SEM, exceeding 1 ms−1
from 4 to 5°S, and the lowest during the NEM, less than 0.3 ms−1 (Leetmaa et al., 1982; Swallow et al.,
1991). In the shallow Zanzibar Channel, the EACC actually reverses during the NEM (Nyandwi, 2013),
which is also seen in a high‐resolution ocean model (Zavala‐Garay et al., 2015).
During the SEM, the EACC continues northward as the Somali Current (SC) as it crosses the equator with
speeds exceeding 3 ms−1 and a volume transport of 27 Sv in the upper 100 m (Leetmaa et al., 1982) and 74 Sv
in the upper 1,000 m (Bruce, 1970). Part of the SC turns offshore at about 4°N to form a cold upwelling wedge
that extends offshore from the coast while the rest re‐circulates into the Southern Gyre (Schott & McCreary,
2001). During the NEM, a reversal is observed in the upper 400 m (Schott et al., 2002) with the SC now ﬂow-
ing southward at speeds of 0.5–1 ms−1 (Leetmaa et al., 1982; Molinari et al., 1990). It meets the permanently
northward ﬂowing EACC to form a conﬂuence zone at 2–4°S, before the ﬂow veers offshore as the eastward
ﬂowing South Equatorial Counter Current (Düing & Schott, 1978, Richardson &McKee, 1989; Shenoi et al.,
1999; Schott & McCreary, 2001; Schott et al., 2009; Woodberry et al., 1989). The convergence of these two
opposing currents leads to an offshore ﬂow of the SECC to ensure continuity. Contrastingly, this offshore
ﬂow will lead to divergence at the coast. To ensure continuity of mass here, shelf‐edge upwelling is likely
induced over the NKBs and surrounding coastline (Kabanova, 1968; Liao et al., 2017). Speciﬁcally, this diver-
gent ﬂow leads to the upwelling of cold, nutrient‐rich deeper waters to the surface, which is separate from
localized wind‐driven coastal upwelling (Varela et al., 2015), enhancing productivity over the region (e.g.,
Liao et al., 2017).
The Tana River discharges into Ungwana Bay (inshore of the NKBs) and is known to be one of the most pro-
ductive ﬁshing grounds along the Kenyan coast due to the inﬂux of nutrients associated with the high sedi-
ment input (Fulanda et al., 2011; Kitheka, 2002; Mwangi, 2002). However, the Tana River outﬂow (and
rainfall driving it) is greatest during intermonsoon periods (April–May and November) with no elevated out-
ﬂow during the NEM itself (McClanahan, 1988; Tamooh et al., 2012). Furthermore, due to the high sediment
outﬂow (and turbidity) the light levels at these shallow areas are probably very low, with the possibility of
altering the local environment from a nutrient‐limited to a light‐limited environment (Tilstone et al.,
2011). These conditions likely prevent coral ecosystems from thriving in Ungwana Bay (McClanahan &
Obura, 1997; McClanahan & Young, 1996). The chlorophyll concentrations may also be inﬂuenced by the
freshwater stratiﬁcation from the Tana River, again altering primary productivity. This region is highly
dynamic and optically complex. Seasonally varying stratiﬁcation, turbidity, and ﬂow are likely to have dra-
matic implications for productivity over the shelf region, including the NKBs. The local physical and biogeo-
chemical impacts of lesser ﬂows over similar banks have been shown to be signiﬁcant (e.g., Palmer et al.,
2013; Tweddle et al., 2013) with downstream biological consequences (Embling et al., 2013). Insufﬁcient
observational evidence exists, however, to assess the local impact of topographic interaction of ﬂow over
the NKBs and the high‐resolution, nonhydrostatic model studies that would be required to address such pro-
cesses have not, to date, been undertaken in this region.
From a research perspective, the Kenyan shelf and NKBs, in particular, are grossly undersampled with few
observational campaigns over the last few decades (e.g., Roberts et al., 2008; Swallow et al., 1991) due to a
combination of economic constraints and piracy along this coastline (Bendeković & Vuletić, 2013). In parti-
cular, very little work has been done on the variability of the strength or position of the conﬂuence between
the EACC/ZC and SC with only a handful of studies referring to it (e.g., Düing & Schott, 1978; Johnson et al.,
1982; Schott & McCreary, 2001; Schott et al., 2002; Song et al., 2004; Mayorga‐Adame et al., 2016). However,
an early study using a one‐layer model investigated the importance of the NKBs for the exact timing and
location of the conﬂuence zone (Johnson et al., 1982). During the NEM, they found that the NKB topography
causes the eastward deﬂection of the EACC when the meridional ﬂow velocity drops beneath a threshold of
0.6 ms−1, in order to conserve potential vorticity. When the ﬂow exceeds 0.6 ms−1 the EACC continues
northward. In spite of a considerable simpliﬁcation of this very complex region, the study of Johnson
et al. (1982) demonstrated that the NKBs can play an important role in inﬂuencing the position of the con-
ﬂuence. The larger‐scale wind ﬁeld has also been thought to be inﬂuential in controlling the position of the
conﬂuence zone (Williams, 1963) but the topography may place a constraint on the amount of latitudinal
variability if potential vorticity is conserved at low velocities (Johnson et al., 1982). In the nutrient‐limited
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waters of the NKBs, the likely source of nutrients during the NEM is either from upwelling (Johnson et al.,
1982; Smith, 1982) or increased Tana River outﬂow (McClanahan, 19888).
The NKBs are located in a very complex region where a multitude of factors may be causing, or inﬂuencing
the strength of, the shelf‐edge upwelling over this topographic feature. Speciﬁcally, the wind ﬁeld, continuity
of ﬂow (from the SECC causing divergence from the coast), and current‐topography interaction could each
be causing the upwelling to occur and may all be operating simultaneously. Additionally, teleconnections
such as the El Niño–Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD), and the Madden‐
Julian Oscillation (MJO) may be contributing to interannual variability of the upwelling over the NKBs.
Here, a high‐resolution, global biogeochemical ocean model was used along with remote sensing observa-
tions, to synergistically investigate the importance of the position of the conﬂuence zone on shelf‐edge
upwelling and productivity over the NKBs during the NEM. Previous model‐based studies of this area have
accurately simulated the position of the conﬂuence zone and the eastward ﬂow of the SECC (e.g., Pandey &
Rai, 2008; Liao et al., 2017; Mayorga‐Adame et al., 2016). However, even though the model domains of inter-
est overlapped, the focus of the relative analyses was to the south of Kenya. Here themodel analyses presents
evidence that the position of the conﬂuence zone is highly variable and can enhance upwelling over the
NKBs when it is positioned, relatively, further south. Consequently, it exerts some control on the level of pro-
ductivity in this area, while alternatively decreasing upwelling and reducing productivity when the conﬂu-
ence zone is positioned further north.With growing interest in the NKB ecosystem and the associated ﬁshery
it may sustain, this ﬁnding provides the ﬁrst indication of the environmental controls which need to be taken
into account when developing plans for future sustainable exploitation. The rest of this paper is organized as
follows: methods and a description of the model and remote sensing data sets used are outlined in section 2,
the results are presented (including model validation) in section 3, while the discussion and conclusions are
detailed in section 4.
2. Methods
2.1. Satellite Observations
2.1.1. Ocean Color Remote Sensing
The European Space Agency Ocean Colour Climate Change Initiative (OC‐CCI) has recently produced and
validated one of the longest (~20 years), most complete, and consistent time series of multisensor (MODIS‐
Aqua, SeaWiFS, and MERIS) global satellite ocean‐color data (Racault et al., 2017). The data set used in this
study (v. 3.1 OC‐CCI) consists of daily and monthly 1‐km observations of surface chlorophyll a concentra-
tion (mgm−3), from 1997 to 2017 (http://www.esa‐oceancolour‐cci.org/). The monthly composites were also
used to calculate climatological means during the period of interest.
The remotely sensed chlorophyll observations have known limitations especially in shallow optically com-
plex Case II waters, where suspended sediments, particulate matter, and/or dissolved organic matter do not
covary in a predictable manner with chlorophyll (IOCCG, 2000). Near the coast, scattering by sediments in
turbid waters (such as near the Tana River) and underwater reﬂectance from shallow regions may result in
relatively high water‐leaving radiance in the near‐infrared wavelengths, which could overestimate the cor-
rection term. Despite OC‐CCI using a multichlorophyll algorithm approach (see Jackson et al., 2017 for
more details), remotely sensed ocean color observations over the study region may be inﬂuenced by the
aforementioned factors, resulting in overestimated chlorophyll concentrations in the coastal waters
and/or very shallow waters (<30 m) along the East African coast. At the same time, not all the coastal high
chlorophyll values are necessarily erroneous, as the coastal regions that accommodate rivers may be sources
of either nutrients or chlorophyll‐rich detritus that enhance phytoplankton production near the coast
(Raitsos et al., 2013). As the majority of the area included in this study comprises Case‐I open waters, this
bias inﬂuences only a small proportion of the data points. Furthermore, in support of the remotely sensed
observations, the model outputs also show higher concentrations of chlorophyll near the coastal zone of
the study area. Thus, there is evidence that the variability of the remotely sensed chlorophyll a, presented
over the NKBs, is valid and not an artifact.
2.1.2. Calculation of the First Optical Depth
The ﬁrst optical depth, Z90, is the penetration depth of light (e.g., Al‐Naimi et al., 2017; Cherkasheva et al.,
2013; Gordon &Morel, 1983). It represents how deep the satellite signal penetrates in the water column (e.g.,
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Al‐Naimi et al., 2017). To calculate this over the study area, the diffuse attenuation coefﬁcient (Kd(490)) was
estimated. The attenuation coefﬁcient is commonly used to describe how visible light in the blue‐green part
of the spectrum is attenuated by the water column, and thus, is used as a measure for water clarity (Al‐Naimi
et al., 2017). The OC‐CCI Kd product was computed from the inherent optical properties at 490 nm and the
sun zenith angle (θ), using the Lee et al. (2005) algorithm. The ﬁrst optical depth for the study area (calcu-
lated as Z90 = 1/Kd(490)) was on average ~17 m deep. Thus, for consistency with the satellite‐derived chlor-
ophyll observations, the model data sets were averaged over the upper 15‐m depth.
2.1.3. Satellite Altimetry
Altimetry‐based surface geostrophic velocities are taken from the multisatellite gridded and merged AVISO
(Archiving, Validation and Interpretation of Satellite Oceanographic Data) product distributed by the
Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/services‐portfolio/
access‐to‐products/?option=com_csw&view=details&product_id=SEALEVEL_GLO_PHY_L4_REP_OB
SERVATIONS_008_047). These velocities are used to assess the large‐scale performance of modeled cur-
rents. The data consist of the delayed‐time “Update” DUACS‐DT2018 version. Geostrophic zonal and mer-
idional velocities are computed weekly on a 1/4° × 1/4° grid.
2.2. Model Conﬁguration
Version 3.6 of the global ocean model Nucleus for European Modelling of the Ocean (NEMO; Madec, 2015),
which is conﬁgured with a horizontal spatial resolution of 1/12° (Marzocchi et al., 2015; Moat et al., 2016;
Webber et al., 2018), was utilized. This corresponds to about 9.25 km at the equator. The model has 75 ver-
tical levels with ﬁner grid spacing near the surface, that is, <1 m at the surface compared to ~250‐m spacing
at 5,500 m with 22 levels in the upper 100 m. The hindcast used in this study covers the time period 1958 to
2015 (56 years), withmodel output stored as ﬁve‐daymeans. The bottom topography is represented as partial
steps and bathymetry is derived from ETOPO2 (US Department of Commerce et al., 2006). The Louvain la
Neuve (LIM2) sea‐ice model is used to represent sea ice in the simulation (Timmermann et al., 2005).
The run is initialized using theWorld Ocean Database climatological ﬁelds (Levitus et al., 1998) and is forced
by the Drakkar Surface Forcing data set version 5.2, which supplies 2‐m air temperature, 2‐m humidity and
10‐m winds, surface radiative ﬂuxes, and precipitation, at 0.7° horizontal resolution (Brodeau et al., 2010;
Dussin et al., 2016). Sea surface salinity is relaxed toward the climatology to avoid excessive drift in global
salinity. The coastal river runoff component is prescribed by a slightly adapted version of Dai and
Trenbeth (2002), the details of which can be found here https://www.drakkar‐ocean.eu/publications/
reports/runoff‐mercator‐06.pdf.
The biogeochemistry is represented by MEDUSA‐2, which is embedded in NEMO, and run from 1990 to
2015 (Yool et al., 2013). This is a size‐based, intermediate complexity model that divides the plankton com-
munity into “small” and “large” components, and resolves the elemental cycles of nitrogen, silicon, and iron.
The small component of the ecosystem is intended to represent the microbial loop of picophytoplankton and
microzooplankton, while the large component covers microphytoplankton (speciﬁcally diatoms) and meso-
zooplankton. The nonliving particulate detritus pool is similarly split between small, slow‐sinking particles
that are simulated explicitly, and large, fast‐sinking particles that are represented only implicitly. See Yool
et al. (2013) for a full description of MEDUSA‐2. Here the period 1993–2015 was used to ensure consistency
between the model physics and biogeochemistry, and to avoid spin‐up of the biogeochemistry component in
the early 1990s. The physical and biogeochemical models have been extensively validated at the global (e.g.,
Popova et al., 2016; Yool et al., 2013) and regional scale, including Indian Ocean applications (e.g., Srokosz
et al., 2015; Robinson et al., 2017).
3. Results
3.1. Monsoonal Variability Over the WIO (Model Validation)
To assess model performance in the WIO, we compared the modeled surface circulation with altimetric sea
surface currents as shown in Figure 2. There is strong qualitative agreement between the observed and mod-
eled surface circulation, with monsoonal variability well captured in the model. During the SEM, the major
currents identiﬁed in Figure 1 (i.e., NEMC, EACC/ZC, and SC) can be seen in bothAVISO and inNEMO. The
model is correctly simulating the position of the currents but the surface velocities are greater than that seen
in AVISO. This is likely due to altimeters capturing only the geostrophic component of the currents whereas
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the model captures wind‐driven and other ageostrophic ﬂows. Despite this, the model accurately represents
the monsoonal variability described in section 1. Namely, the continuation of the fast (>1.2 ms−1) EACC/ZC
as the SC during the SEM and its eventual offshore veering to form the anticyclonic eddy known as the Great
Whirl (Schott et al., 2009) north of the 5°N. It should be noted that the cross‐equatorialﬂow of the SC is quasi‐
absent in the altimetry currents due to the geostrophic limitation near the equator, despite the AVISO
processing including the β‐plane approximation (Pujol et al., 2016).
The major monsoonal variability of the surface circulation is apparent during the NEM with reduced velo-
cities visible in the NEMC and EACC/ZC, speciﬁcally a reduction of more than 0.5 ms−1 in AVISO and in
NEMO. Furthermore, the reversal of the SC and resultant conﬂuence with the EACC/ZC around 3°S is also
captured by the model and, to a lesser extent, by the AVISO product. The subsequent meandering eastward
ﬂow of the SECC (0.3–0.6 ms−1) is visible between the equator and 5°S, in agreement with Molinari et al.
(1990). Overall, the model reproduces the key features of the WIO well, notably the position and monsoonal
variability of the main currents.
As the conﬂuence of the EACC/ZC is the subject of this paper, the focus is on the NEM period. The clima-
tological sea surface temperature (SST) and surface chlorophyll ﬁelds during this period are shown in
Figure 3 over the length of the East African coastline. To ensure consistency with the remotely sensed chlor-
ophyll observations, which represent averages over ~17‐m depths, the model outputs are averaged over the
upper 15‐m water depths. The model reproduces the key features of the spatial SST distribution seen in the
remotely sensed ﬁeld over this region with warm (>29 °C) waters observed (andmodeled) south of 6°S in the
open ocean and colder waters (~28 °C) along the coast of Tanzania. Distinctly colder waters (<27.5 °C) exist
Figure 2. Decadal average of surface currents (ms−1) during the NEM (DJF) and the SEM (MJJAS) (a and c) from altime-
try and (b and d) from the model over the period 2001–2010. Model vectors are plotted every 3 grid points to appear
consistent with AVISO.
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north of 4°S and are concentrated near the Kenyan coast. This is related to wind‐driven coastal upwelling
from the Northeasterly winds that prevail during the NEM, which leads to offshore Ekman transport (e.g.,
Varela et al., 2015). Additionally, the coldest waters (<27 °C) occur near the NKBs (3°S) in the model.
The spatial pattern of surface chlorophyll is also captured by the model with relatively low chlorophyll con-
centrations observed (0.1 mg m−3) and modeled (<0.1 mg m−3) offshore and south of 4°S. The most produc-
tive waters are found further north with the highest concentrations near the coast. Interestingly, the model
depicts high chlorophyll concentrations along the Tanzanian coast (~7–4.5°S) in the path of the EACC,
which are not as strongly present in the observations. Overall the model well simulates the main spatial fea-
tures of the region during the NEM.
3.2. Productivity Over the NKBs
Having described the large‐scale variability of the key features of the ocean currents, SST, and chlorophyll,
we now focus on the area surrounding the NKBs (deﬁned here as the region where the 200‐m isobath
extends to 41°E; see Figure 1) during the NEM to focus on localized upwelling events. High productivity
occurred over the NKBs during February 2008, used here as an example year, as demonstrated by remote
sensing data shown in Figures 4a and 4b. The ﬁgure shows the large‐scale latitudinal gradient observed in
Figure 3, with colder, more productive waters north of the NKBs and warmer, less productive waters south
of the NKBs. However, it also shows high chlorophyll concentrations of up to 1 mgm−3 over the NKBs (indi-
cated by the 200‐m isobath), which were associated with colder waters (25.8 °C) in comparison to the back-
ground values of ~0.5 mg/m3 and ~26.5 °C in the surrounding waters. This is a clear cold, productive signal
centered over the NKB, which is indicative of upwelling of cool, deep water.
Figure 3. Decadal average of SST (°C) and surface chlorophyll (mg m−3) during the NEM (DJF) (a and c) from remote
sensing (CCI) and (b and d) from the model over the period 2001–2010. To follow the depth of the remotely sensed
chlorophyll, the model data sets are averaged over the upper 15 m. The 200‐m isobath is represented by the black line.
Black and white boxes on top right panel represent regions referred to in Figures 6 and 9. Horizontal black line represents
the latitude used for Figure 5.
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Instances of other high productive periods are also evident in the model, with eight “strong” upwelling
events identiﬁed (see section 3.3 and Figure 7). A model example, February 1997, is also shown in
Figures 4c and 4d (note that this was before SeaWiFS launched so there are no corresponding remote sensing
data). In 1997, the warmer, nutrient‐limited waters south of the NKBs and the cooler, more productive
waters north of the NKB are visible in the model with a robust upwelling signal over the NKBs. The colder
(25.8 °C) SST and higher chlorophyll concentration (0.8 mg m−3) are near‐identical in magnitude, position,
and extent to that observed in remote sensing data during February 2008. It should also be noted that there is
evidence of wind‐driven coastal upwelling induced by Northeasterly winds during this period (e.g., Varela
et al., 2015) in both the model and in remote sensing but the upwelling signal is enhanced over the NKBs.
Additionally, as can be seen in Figure 3, this enhanced upwelling signal is not clearly visible in the
Figure 4. (a) Satellite SST (°C) and (b) surface chlorophyll (mg m−3) highlight an example of high productivity on the
NKB in February 2008. (c) Model SST (°C), (d) surface chlorophyll (mg m−3), (e) surface currents (ms−1), (f) water
column‐integrated primary production (g C/m−2/day), (g) surface dissolved inorganic nitrogen (DIN; mmol N/m−2), and
(h) water column‐integrated phytoplankton biomass (g C/m−2) shown as a ﬁve‐day mean, highlight an example of high
productivity in February 1997. The black line represents the 200‐m isobath. Here the surface variables are taken as the
mean in the upper 15 m to ensure consistency with remote sensing.
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climatological mean. This may be due to the considerable interannual variability so it is important to inves-
tigate the upwelling at the event scale rather than the climatological scale.
An important caveat to the analysis, is that although the model is run under a re‐analysis with external for-
cing covering speciﬁc years, we are not able to provide a direct comparison with the satellite ﬁelds of the
same year due to a considerable chaotic element in the mesoscale ﬂow ﬁeld (see a similar challenge in,
e.g., Srokosz et al. (2015) and Robinson et al. (2016)). Although the model reproduces the seasonality, typical
strength, shape and location of the upwelling signal, and a typical range of the interannual variability of the
NKBs upwelling, we do not expect the strong upwelling years in the model to correspond exactly to the
strong upwelling years observed in the remotely sensed characteristics as the mechanisms of interannual
variability are complex and include both chaotic and deterministic components. Such a comparison is only
possible in models which employ data assimilation.
Use of the model also enables an evaluation of water column‐integrated primary production (Figure 4f) with
a maximum productivity rate of up to 1.5 g C/m−2/day seen over the NKBs, which is aligned with high nutri-
ent availability, speciﬁcally dissolved inorganic nitrogen (DIN; Figure 4g). As the model does not include
nutrient ﬂuxes from sediments or rivers (but a freshwater ﬂux), this suggests that the high productivity
observed (and modeled) over the NKBs is due to upwelling as opposed to elevated outﬂow from the nearby
Tana River. The model‐integrated phytoplankton biomass also shows an elevated signal over the wider NKB
region (Figure 4h). However, the peak biomass signal is located to the south between Malindi and the NKBs
(see Figure 1) as opposed to directly over the NKBs like the SST, chlorophyll, productivity, and DIN signal.
The origin of this feature is unclear, but could be due to advection, that is, away from the NKBs, to slow cur-
rents between Malindi and NKBs leading to an accumulation of biomass, mixing, or possibly due to a model
defect. More investigation is required to understand the dynamics controlling phytoplankton biomass in
this region.
The model circulation shows a fast (>1.25 ms−1) SC meeting a weak EACC/ZC (<0.7 ms−1) to form a con-
ﬂuence at ~3.5°S near the NKBs (Figure 4e) before it veers offshore as the SECC (section 1). We will hence-
forth refer to this at the Somali‐Zanzibar Conﬂuence Zone (SZCZ). The departure of the SC and EACC/ZC
from the coast between 3.5°S and 2°S will induce upwelling at the shelf‐edge, as seen in both model and
remotely sensed SST and chlorophyll. It should be noted that the current speed from altimetry is more difﬁ-
cult to interpret near the coast than in the open ocean. This is due to the limitation of conventional satellite
altimetry fromwhich the AVISO product is derived, such as themodiﬁcation of the radar echo in the vicinity
of land, the inhomogeneity in the water surface observed by radar, and the less accurate corrections (Carret
et al., 2019; Gommenginger et al., 2011). It is for this reason and the proximity to the equator (as discussed in
section 3.1) that we do not include surface currents from altimetry here.
As the model is able to reproduce the main features of the circulation and captures upwelling events over the
NKBs, the focus is to use the model to investigate the interannual variability of upwelling events and the
potential mechanisms associated with them.
Using the model, cross sections across the NKBs can be examined in order to conﬁrm if upwelling is the
cause of the high productivity observed at the surface. Figure 5 shows cross sections of temperature, chlor-
ophyll, and DIN as climatologies (Figures 5a–5c) and during February 1997 (Figures 5d–5f), a strong upwel-
ling year (see Figure 4), across the NKBs (2.5°S; see Figure 3). In the climatology, the uplift of isotherms near
the coast is visible with cooler, nutrient‐rich waters being upwelled to the near‐surface. For example, the
24.5°C isotherm resides at 100 m at 42°E and at 60 m at the coast, shown by the black line. Consequently,
this has led to higher chlorophyll concentrations, exceeding 0.6mgm−3, in the upper 40m but with a subsur-
face maximum at 20m. The uplift of this isotherm is not visible at other times of year, that is, in the middle of
the SEM in July (see Figure S1 in the supporting information) where there are deeper mixed layers andmini-
mal isopycnal uplift toward the coast. For the February 1997 event the isotherm uplift was intensiﬁed with
surface outcropping of isotherms leading to the cool anomaly (25.8°C) visible at the surface (Figure 4). The
24.5°C isothermwas raised by 70m (120m at 42°E and 50m at the coast), and aligned with steeper isolines of
DIN. This resulted in elevated nutrients at the surface, that is, from <0.25 mmol m−3 in the climatology to
>0.5 mmolm−3 in 1997, and a higher chlorophyll concentration, exceeding 0.7 mgm−3, reaching the surface
as was seen in Figure 4. Thus, the upwelling is more evident at the event scale, as opposed to the climatolo-
gical mean, which could indicate considerable interannual variability.
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To further investigate the robustness of this feature, the modeled SST and water column‐integrated primary
production difference between two areas was taken, with the ﬁrst residing inside the upwelling zone (cen-
tered on 2.7°S, 40.8°E) and the other situated outside its zone of inﬂuence (centered on 4.7°S, 40.8°E; see
boxes in Figure 3). The climatological SST difference between the two areas is shown in Figure 6a with
the minimum and maximum differences indicated by the dashed lines. It reveals that the greatest climato-
logical SST difference exists during the NEM with the mean peaking in February (1.4 °C higher). This is
aligned with the primary production difference (Figure 6b), which also reaches a maximum during the
NEM (0.5–0.6 g C/m−2/day in January and February). The lowest SST and primary production differences
occur during the SEM with values close to 0 °C and 0.1 g C/m−2/day, respectively, showing that there is
no signature of upwelling during this season. This seasonality provides evidence that the cold, productive
events over the NKB are caused by localized upwelling during the NEM as opposed to a widespread reaction
to the seasonal cycle of the WIO. However, the minimum and maximum lines reveal that interannual varia-
bility exists in the strength of this upwelling with peaks of 2.2 °C and 1.1 g C/m−2/day and minimum values
of 0.4 °C and 0.2 g C/m−2/day, respectively.
Figure 5. (left) Model‐derived February decadal mean (2001–2010) and a (right) ﬁve‐day mean in February 1997 of
(a and d) temperature (°C), (b and e) chlorophyll (mg m−3), and (c and f) dissolved inorganic nitrogen (mmol m−3)
shown as a cross section through the NKBs at 2.7°S (see Figure 3). The dashed black lines represent the model mixed layer
depth and the black line for the top panels represent the 24.5 °C isotherm.
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The progression of the SST and water column‐integrated primary production difference for a strong upwel-
ling event (2002) and a relatively weak upwelling event (2006) is shown in Figures 6c and 6d. These years
represent examples of a strong and weak upwelling year, respectively. For both events, the greatest tempera-
ture differences in the climatology occur during the NEMmonths, which suggests that the climatology is not
dominated by a few strong events and some degree of upwelling occurs over the NKBs in most years. For
example, even during the weak event of 2006 the SST (primary production) difference between the two sta-
tions reaches 1.5 °C (0.5 g C/m−2/day) during February but with an overall elevated productivity from
November to February, which is coherent with Figure 3 and is related to coastal upwelling induced by
Northeasterly winds during this period (e.g., Varela et al., 2015). A similar productive period exists during
the strong 2002 event but a clear peak occurs from January to February. The SST difference reaches 2 °C
in February with a corresponding surface primary production difference exceeding 1.1 g C/m−2/day, equiva-
lent to a 33% and 120% increase compared to the weak event.
It is clear from Figures 4–6 that shelf‐edge upwelling is responsible for the cold, productive signal that can
appear over the NKBs during the NEM, which is likely enhanced by wind‐driven coastal and topographic
upwelling. Furthermore, considerable interannual variability exists in the intensity of this upwelling feature,
which is explored in section 3.3.
3.3. Interannual Variability in NKB Upwelling
Figure 7a shows the mean water column‐integrated primary production from 1993 to 2015 during the NEM
(averaged for January and February when the upwelling signal is greatest). It shows a “background” produc-
tivity level of about 1.0 g C/m−2 along the coast with elevated levels on the inner NKBs (from 40.5 to 41°E;
see black box) and by the smaller topographic feature further south at around 3.5°S near Malindi (see
Figure 1). From this we see that this region experiences some degree of wind‐driven coastal upwelling every
year associated with offshore Ekman transport from the prevailing Northeasterly winds (e.g., Varela et al.,
2015). This is also apparent in Figure S2, which shows the same maps for SST and DIN, with cooler SSTs
of 27.25 °C and an elevated DIN signal of 0.3 mmol N m−2 seen along the coast. Figure 7a also indicates
Figure 6. Modeled SST (°C; taken as the mean upper 15) and integrated primary production (g C/m−2/day) difference
between two stations (taken as a mean from 3–2.4°S, 40.5–41.1°E and 5–4.4°S, 40.5–41.1°E; see Figure 3) shown as
(a and b) a decadal average from 2001 to 2010 with the dashed lines representing the range for eachmonth during the same
period (top). (c and d) The progression of the SST and primary production difference between these two stations is also
shown for a strong event (2001–2002; black line) and a relatively weak event (2004–2005; green line) from August to July
(bottom).
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that the upwelling is topographically enhanced over the NKBs and over the topographic feature near
Malindi with rates exceeding 1.15 g C/m−2/day.
Figures 7b and 7c show primary production rates for strong and weak upwelling years, respectively (the cor-
responding SST and DIN is shown in Figure S2). Strong upwelling years are characterized as years where
water column‐integrated primary production exceeds 1.3 g C/m−2/day over the NKB region in either
January or February (1993, 1997, 2001, 2002, 2003, 2007, 2009, and 2013). “Weak” upwelling years are years
where primary production falls below this value or is located along the coast only. This threshold value is
largely arbitrary but based on high productivity rates over the NKBs that are not associated with the
wind‐driven coastal upwelling that occurs every year.
During strong upwelling years, primary production is enhanced along the coastline (~1.2 g C/m−2/day) but
higher productivity also extends further east of the NKBs. Values exceeding 1.3 g C/m−2/day are found over
the NKBs from 2.8 to 2.2°S. In contrast, during weak upwelling years, reduced rates of primary production
occur along the coast (~0.75 g C/m−2/day) with productivity rates less than 1 g C/m−2/day over the NKBs.
There is always some level of productivity along the coast during the NEM, associated with Ekman‐induced
upwelling, with further elevated productivity over the inner NKBs, which is topographically enhanced.
Additionally, there are strong upwelling events that occur in some years, which further intensiﬁes the pro-
ductivity over the outer NKBs and often covering a much larger area.
Figure 7. Model water column‐integrated primary production (g C/m−2/day) over the NKB region shown as (a) an aver-
age for January and February 1993–2015, during (b) strong upwelling years (speciﬁed in text) and (c) weak upwelling
years. (d) Primary production contours of 1.3 g C/m−2/day for January and February 1993–2015, only years with primary
production exceeding 1.3 g C/m−2/day are shown with the colors corresponding to the years shown in (e) (light grey
shading denotes the continental shelf inside 200 m). Contours associated with solely wind‐driven coastal upwelling have
been ﬁltered out. (e) Three‐dimensionally integrated phytoplankton biomass (kilo‐tonnes C) from the region inside the
contours deﬁned in (d). Black box in (a) highlights region characterized by high background productivity.
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The spatial extent of the upwelling signal for each strong year is shown in Figure 7d, where the 1.3 g C/m−2/
day water column‐integrated primary production contour is used to deﬁne the geographical extent. Due to
the substantial spatial variability in primary production over the area of interest, it is difﬁcult to ﬁnd an
objective method of selecting a single threshold value delineating the upwelling area which would be applic-
able to all years. Thus, the value of 1.3 g C/m−2/day is chosen subjectively by visual analysis of the interann-
ual variability and climatological mean (the latter is visible in Figure 7b).
Additionally, Figure 7e quantiﬁes the amount of upwelling‐induced biomass by calculating the water
column‐integrated phytoplankton biomass within these contours, that is, integrating over the surface
area of each contour seen in Figure 7d. It is evident that considerable variability exists across these years
in terms of total phytoplankton biomass, in the region of high primary production, and the spatial extent
of the upwelling. For example, 2002 (shown in Figures 7d and 7e in purple) stands out as a year with
very high productivity with a total phytoplankton biomass of over 60 kt C. High productivity exists over
a large area extending into the open ocean and 2002 was also an anomalous year across the WIO region
(Kumar et al., 2006; Krishnan et al., 2006), which could suggest that multiple mechanisms are at play. It
should be noted that the larger area of productivity occurring in 2002 will, of course, lead to a greater
phytoplankton biomass than years with high productivity affecting a smaller area, that is, in 1993
and 2007.
In 2009 and 2013 there was more than 40 kt of phytoplankton biomass, which resides over a large region
north of (and including) the NKBs. Like 2002, these years exhibit high productivity over a large region, con-
tributing to the high phytoplankton biomass calculated in Figure 7e. Even though both of these signals cover
part of the NKBs, the high productivity includes the region further north of the NKBs. All remaining strong
upwelling years have a phytoplankton biomass ranging from 3 to 20 kt C, which resides on and around the
NKBs. Although the spatial extent and position of upwelling varies from year‐to‐year, part of the upwelling
is always rooted to the NKBs, which supports the idea that this mechanism may indeed impact recruitment
in the NKB ﬁshery. However, the question still remains: what is initiating these upwelling events?
As indicated in section 1, the NEM leads to the reversal of the alongshore wind ﬁeld and induces the south-
ward ﬂow of the SC which meets the northward ﬂowing EACC/ZC to form the SZCZ. For the 1997 upwel-
ling event (Figure 4), the SZCZ was situated near the NKBs. We have shown that the conﬂuence region is
associated with slope upwelling which promotes greater primary production. This raises the question of
whether the north‐south movement of the conﬂuence zone between years could explain the interannual
variability of upwelling and productivity over the NKBs. To answer this question the model is used to locate
the position of the SZCZ, track its progression along the coast during the NEM, and relate this to upwelling
intensity over the NKBs.
We deﬁne the SZCZ as the latitude where the northward ﬂowing EACC/ZC meets the southward ﬂowing
SC. To calculate this, we take the maximum latitude of the 0‐ms−1 meridional velocity contour, that is,
the point where the meridional velocity goes from positive (EACC/ZC) to negative (SC), over the region
6°S–1°N, 39°E–44°E. The latitude of the SZCZ from December to February over the period 1993–2015 is
shown in Figure 8; note that any gaps for December correspond to periods when the SZCZ had yet to form.
The time series shows a general southward movement of the SZCZ from December to February. In
December, if clearly formed, the SZCZ can be located as far north as 1°N or as far south as 2°S with an aver-
age latitude of 0.27°S. In January, its mean position is 2.27°S, but ranges from 4 to 1.2°S for individual years,
and by February it reaches its southernmost position with a mean position of 2.87°S. In February, however,
the interannual range in the position of the SZCZ extends to more than 4° of latitude with the SZCZ being
located between 6 and 1.9°S in any given year.
The SZCZ resides in a very complex region where both atmospheric and oceanic processes affect many
aspects of WIO variability. Consequently, there are likely multiple mechanisms responsible for the timing
of the SZCZ formation and for the variability of its position. For example, the onset of the NEM wind ﬁeld
is responsible for the reversal of the upper SC (Schott et al., 2002), but interannual variability in the strength
of the wind ﬁeld will likely affect the position of the SZCZ. Furthermore, the intensity of the SC and
EACC/ZC are also inﬂuenced by changes in the wider Indian Ocean and in the case of the EACC/ZC, inter-
annual variability in the strength/transport of the SECmay also be important. The Indian Ocean also experi-
ences periodic oscillations in SST driven by the IOD and is also strongly affected by ENSO driven changes in
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SST (e.g.,Saji et al., 1999 ;Webster et al., 1999 ;Wiggert et al., 2009), both of whichmay have an impact on the
position of the SZCZ.
There is one anomalous event visible in the conﬂuence zone time series that both supports the inﬂuence of
teleconnections on the position of the conﬂuence zone and which also skews the 1993–2015 mean position
of the conﬂuence zone. This event, in 1998, saw the SZCZ reach as far as
6° in February, which is adjacent to the coast of Zanzibar Island
(Tanzania), during the major El Niño event of 1997–1998. Subsequent
El Niño events were less signiﬁcant in their impact (if at all) and inves-
tigation of the causes, and consequences, of the extreme southerly posi-
tioning of the SZCZ during 1998 should be the focus of future
research efforts.
Discounting the anomalous year of 1998, the SZCZ typically resides
between 2 and 4°S, which is in agreement with previous studies
(Mayorga‐Adame et al., 2016; Schott et al., 2009). Here we investigate to
what extent the variability in the SZCZ position inﬂuences the intensity
of upwelling and consequent productivity of the NKBs. As February is
the month that experiences the greatest SST and primary production dif-
ference (Figure 6) and the southernmost SZCZ (Figure 8) we will focus
on the variability during this month only.
Figure 9 shows the position of the SZCZ in February (as in Figure 8)
alongside the mean February SST, water column‐integrated primary pro-
duction, surface DIN, and the total integrated phytoplankton biomass
over the NKB box from 3–2.4°S, 40.5–41.1°E (see Figure 3). These four
variables are taken to represent the intensity of upwelling over the
NKBs and are assessed alongside the position of the SCZC to determine
if a relationship exists. The mean SST over the NKBs during February is
27.7 °C, ranging from 26.26 to 29.46 °C with the cooler temperatures asso-
ciated with a SZCZ that is positioned relatively further to the south. The
mean primary production is 0.9 g C/m−2/day, ranging from 0.44 to 1.36
g C/m−2/day with elevated productivity rates occurring when the SZCZ
is further south and SST is cooler. These years are also associated with
the highest concentrations of DIN, which range from 0.06 to 0.62 mmol
N m−2 with an average of 0.28 mmol N m−3. Additionally, the total phy-
toplankton biomass, integrated three‐dimensionally over the NKB box,
ranges from 16 kt in 1998 to 31 kt in 2002 with a mean 22 kt over
the NKBs.
Figure 9. Latitude (deg) of the SZCZ (black line; transferred from Figure 8)
with mean (a) SST (°C; blue line), (b) water column‐integrated primary
production (g C/m−2/day; red line), (c) dissolved inorganic nitrogen (mmol
m−3; purple line), and (d) the total integrated phytoplankton (kt C; green
line) over the NKBs (3–2.4°S, 40.5–41.1°E; see Figure 3) in February from
1993 to 2015.
Figure 8. Latitude (deg) of the SZCZ in December, January, and February from 1993 to 2015. The SZCZ is deﬁned as the
maximum latitude of the 0‐ms−1 meridional velocity contour in the region 6°S–1°N, 39°E–44°E.
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Excluding 1998, the monthly mean SST is correlated (r = 0.78, p < 0.05) with the latitude of the SZCZ, while
an anticorrelation exists with primary production (r = −0.52, p < 0.05), surface DIN (r = −0.53, p < 0.05),
and total integrated phytoplankton (r=−0.43, p< 0.05). This suggests that when the SZCZ is located further
south, that is, in the range 4–3°S, colder, more productive, nutrient‐rich waters exist over the NKBs, indicat-
ing enhanced upwelling, which leads to a greater phytoplankton biomass. Greater upwelling intensity over
the NKBs, induced by a more southerly position of the SZCZ, could therefore be a signiﬁcant factor support-
ing the NKB ﬁshery.
As we saw in Figure 7, the upwelling often affects a wider area (Figures 7b and S2). The greatest integrated
phytoplankton biomass occurred during 2002 (Figure 7e) where the upwelling affected the largest area
(Figure 7d). However, the peak biomass signal is not just due to covering a greater area as it stands out as
a clear maximumwhen averaging over the NKB (Figure 9d). Furthermore, except 2007, all strong upwelling
years seen in Figure 7 have above average phytoplankton biomass over the NKB box (Figure 9). Figure 7d
shows that the region of high productivity (i.e., >1.3 g C/m−2/day) in 2007 covers a small area, speciﬁcally
smaller than the NKB box, which is likely why it is not noticeable as an anomalous year over the NKBs in
Figure 9. Additionally, Figure 9 calculates phytoplankton biomass in February, when the SZCZ resides rela-
tively further south, whereas Figure 7 investigates strong upwelling events over January and February,
which may also lead to slightly different results.
4. Discussion and Conclusions
Using a high‐resolution, global, biogeochemical ocean model, we have calculated the variability in the posi-
tion of the SZCZ that forms during the NEM. The model performs well in the WIO region accurately captur-
ing the position and monsoonal variability of the surface circulation. Speciﬁcally, the reversal of the SC
during the NEM and formation of the SZCZ between 4 and 2°S, is in agreement with prior studies
(Mayorga‐Adame et al., 2016; Schott et al., 2009). The model also simulates the appearance of cooler more
productive waters over the NKB during the NEM and is able to reproduce strong upwelling events observed
in remote sensing data sets including the location, seasonality, and typical strengths.
This study has demonstrated that some degree of wind‐driven coastal upwelling occurs along the wider
Kenyan coastline every year during the months of the NEM with additional topographic enhancement over
the NKBs. This upwelling of colder, nutrient‐rich water led to greater productivity over the NKBs with
depth‐integrated primary production enhanced by up to 1.1 g C/m−2/day compared to far‐ﬁeld waters.
Upwelling occurs only during the months of the NEM and peaks between December and February, yet its
impact is not evident in the annual mean ﬁelds of SST and primary production even during years when
the strongest upwelling occurs, suggesting that its signiﬁcance has been overlooked.
We ﬁnd that there is interannual variability in the impact of upwelling during the months of January or
February over the period 1993–2015. Due to this variability, it is important to investigate the upwelling at
the event scale rather than the climatological scale. Factors likely to be driving this variability include varia-
tions in the wind ﬁeld, in the eastward ﬂow of the SECC which induces divergence from the coast, in the
strength of global teleconnections (e.g., ENSO and IOD), and more locally in current‐topographic interac-
tions. Here we focused on the position of the SZCZ, which is the origin of the eastward ﬂow of the SECC
and forms during the NEM (Figure 8).
Over the NKBs, the strongest upwelling events, characterized by high rates of primary production (Figure 9),
occurred in 1993, 1997, 2002, and 2007 when the SZCZ was found south of 3°S, and thus south of the NKBs.
SST over the NKBs is signiﬁcantly correlated with the latitude of the SZCZ with signiﬁcant anticorrelations
found for primary production, DIN, and integrated phytoplankton biomass. This provides evidence that the
SZCZ exerts a control on the amount of upwelling, and therefore productivity, over the NKBs. Even though
shelf‐edge upwelling during strong upwelling years is always connected to the NKBs, there is considerable
interannual variability in the intensity and spatial extent of any resulting productivity or SST signal. For
example, in 2009 and 2013, when enhanced upwelling led to over 40‐kt C integrated phytoplankton biomass,
the main upwelling signal was found mostly to the north of the NKBs, that is, north of 2.5°S (Figure 7), with
the SZCZ also positioned further north (Figure 8). There are also other instances where the SZCZ resides
near 2.5°S, but where productivity rates do not exceed 1.3 g C/m−2/day (Figure 7). However, for the four
years where the SZCZ was positioned directly over the NKBs, an upwelling signal was always present.
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Here we have established that the position of the SZCZ exerts a strong control on the amount of upwelling
over the NKBs, which raises the question, what causes the north‐south movement of the SZCZ? The position
of the SZCZ is likely controlled by the strength of the EACC/ZC and SC, which are strongly dependent on
the strength of the wind stress (e.g., Schott et al., 2002). Additionally, modeled currents in February 1997
(Figure 4) show a weak northward ﬂowing EACC pushing a strong southward ﬂowing SC offshore, which
could suggest that vorticity conservation is important, as ﬁrst proposed by Johnson et al. (1982).
Furthermore, the ENSO, IOD, and MJO are known to induce changes in the WIO (e.g., Saji et al., 1999;
Webster et al., 1999; Zhang et al., 2005) and may be interacting with the wind ﬁeld to induce changes in
the formation and variability of the SZCZ. More investigation is required to identify the relative importance
of these mechanisms and how they collectively inﬂuence the position of the SZCZ, especially given the role
upwelling over the NKBs may have for supporting ﬁsheries in the region.
In addition to the ENSO and IOD potentially exerting interannual variability on the position of the SZCZ,
they may also have an impact on the strength of the upwelling signal over the NKBs. For example, the strong
upwelling event that occurred in 1997 coincided with a major negative IOD event (with a lag of one to two
months), which indicates that the WIO was cooler and had a shallower thermocline than the eastern Indian
Ocean (e.g., Saji et al., 1999). Additionally, there is in situ and modeled evidence that cool SSTs and elevated
DIN (both evidence of increased upwelling) existed over the NKBs during 1997 (Obura, 2001; Webster et al.,
1999). Conversely, the following year (1998) saw a major El Niño that coincided with a positive IOD event,
which led to widespread anomalous warming in the WIO (e.g.,Saji et al., 1999 ; Webster et al., 1999). This
impact was reproduced by the model and during this time the SZCZ was located more than 3° further south
relative to its mean position (Figure 9). This may have had a detrimental effect on the upwelling over the
NKBs and will be the subject of a future paper.
Here we have shown that the ocean circulation exerts an important control on the productivity over the
NKBs, which is now emerging as a new frontier for food security (e.g., Akunga, 2007). Thus, improving
our understanding of the upwelling mechanism responsible for elevated productivity, and for any interann-
ual variability in that productivity, is important. It is, however, vital that new in situ observations are made
to better understand the consequences of shelf‐edge upwelling for the NKB ecosystem and to better validate
biogeochemical models used for understanding the dynamics of the area and the consequences for ﬁsheries.
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